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ABSTRACT
We present the discovery of TYC9191-519-1b (TOI-150b, TIC 271893367) and
HD271181b (TOI-163b, TIC 179317684), two hot Jupiters initially detected using
30-minute cadence Transiting Exoplanet Survey Satellite (TESS) photometry from
Sector 1 and thoroughly characterized through follow-up photometry (CHAT, Hazel-
wood, LCO/CTIO, El Sauce, TRAPPIST-S), high-resolution spectroscopy (FEROS,
CORALIE) and speckle imaging (Gemini/DSSI), confirming the planetary nature of
the two signals. A simultaneous joint fit of photometry and radial velocity using a
new fitting package juliet reveals that TOI-150b is a 1.254 ± 0.016 RJ, massive
(2.61+0.19−0.12 MJ) hot Jupiter in a 5.857-day orbit, while TOI-163b is an inflated (RP
= 1.478+0.022−0.029RJ, MP = 1.219 ± 0.11MJ) hot Jupiter on a P = 4.231-day orbit; both
planets orbit F-type stars. A particularly interesting result is that TOI-150b shows
an eccentric orbit (e = 0.262+0.045−0.037), which is quite uncommon among hot Jupiters.
We estimate that this is consistent, however, with the circularization timescale which
is slightly larger than the age of the system. These two hot Jupiters are both prime
candidates for further characterization — in particular, both are excellent candidates
for determining spin-orbit alignments via the Rossiter-McLaughlin (RM) effect and
for characterizing atmospheric thermal structures using secondary eclipse observa-
tions considering they are both located closely to the James Webb Space Telescope
(JWST) Continuous Viewing Zone (CVZ).
Key words: planets and satellites: detection – techniques: photometric, radial veloci-
ties stars: individual: TYC9191-519-1 – stars: individual: HD271181 – stars: individual:
TIC 271893367 – stars: individual: TIC 179317684
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1 INTRODUCTION
We are now entering an exciting era with NASA’s Tran-
siting Exoplanet Survey Satellite (TESS) mission (Ricker
et al. 2016), a nearly all-sky survey with the primary goal of
uncovering and more so characterizing planets smaller than
Neptune (. 4R⊕) around nearby and bright stars (V < 13).
The expected yield for the short 2-minute cadence targets
(∼200,000) is roughly 1250 new transiting planets of vari-
ous sizes (Barclay et al. 2018), adding onto the already im-
pressive quantity of ∼4,000 transiting planets discovered1 to
date — most of which come from the Kepler (Borucki et al.
2010) transit survey. The quantity of new discoveries can
be imagined to be even higher when we include the longer
30-minute cadence targets, potentially increasing the yield
to 25,000 (Barclay et al. 2018). The opportunity for new
world discoveries and classification is high considering that
TESS is focusing on the brightest neighboring stars, mak-
ing it easier for ground-based instruments to follow-up the
transit planet detections allowing for further, more detailed
characterization.
Among the diversity of new worlds to be discovered by
TESS, hot Jupiters — planets of similar mass to Jupiter
(0.3MJ . M . 2MJ ) and with periods P < 10 days (Dawson
& Johnson 2018) — are naturally the most accessible to
detect due to their size (relatively larger flux dip in light
curve) and short orbiting periods (multiple transits for a
given light curve time baseline). Their massive nature also
makes them ideal targets for radial velocity (RV) follow-up,
as this imposes large modulations in their host star’s motion.
TESS, for this reason, will then be able to detect most of
the transiting hot Jupiters in our stellar neighborhood; HD
202772Ab (Wang et al. 2019) and HD2685 b (Jones et al.
2018) are thus just the first of many to be detected by the
mission.
Hot Jupiters are interesting objects on their own right,
as they are objects that are still not well understood. For ex-
ample, it is known that their radii are larger than expected
from models of irradiated exoplanets (see, e.g., Thorngren &
Fortney 2018, and references therein) — however, the mech-
anism of this so-called “radius inflation” is still not known.
Their formation is also a mystery — how giant exoplanets
like these end up in short period orbits around their stars
is still an open question in the field (see Dawson & Johnson
2018, for a review). A larger sample of exoplanets might help
resolve these issues or help find new predictions for models
to make — for example, using the current sample of hot
Jupiters, Sestovic et al. (2018) recently showed that the ra-
dius inflation might depend on mass. Using a similar sample,
Thorngren & Fortney (2018) suggested that the efficiency
with which energy is deposited in the interior of hot Jupiters
to make them look inflated might depend on equilibrium
temperature. Bailey & Batygin (2018) recently showed that
the period-mass distribution of hot Jupiters could be ex-
plained by in-situ formation of hot Jupiters. It is clear from
studies like these that enlarging the sample of known, well-
characterized hot Jupiters can aid in understanding their
nature and evolution, and thus is an important endeavor to
undertake.
1 As of March 11, 2019: https://exoplanetarchive.ipac.caltech.edu/
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In this work, we introduce the discovery and character-
ization of two new hot Jupiters, TOI-150b and TOI-163b,
whose signals were initially detected by TESS long-cadence
photometry and then thoroughly followed up by other
photometric (CHAT, Hazelwood, LCO/CTIO, El Sauce,
TRAPPIST-S) and spectroscopic ones (FEROS, CORALIE)
ground-based facilities.
The paper is structured as follows. In Section 2, we
present all of the photometric, spectroscopic, and speckle
image observations gathered for both targets. In Section 3,
we focus on the characterization of the star and the plan-
ets in details using a joint analysis of the data, combining
transit photometry and radial velocities. In Section 4, we
present a discussion on these targets and their qualifications
as follow-up candidates for atmospheric characterization and
spin-orbit alignment.
During the writing of this manuscript, another paper
(Can˜as et al. 2019) introduced the discovery of TOI-150b.
Though the paper delivered the planetary detection, we pro-
vide and present a more complete and thorough analysis
with 4 photometric follow-up instruments and a total of 23
radial velocities (20 from FEROS and 3 from CORALIE),
which in turn provides a precise constraint on the plane-
tary and orbital parameters of the system. The inclusion of
these extra radial velocity measurements, allow us to find a
strong signal of an eccentric orbit for this exoplanet — this
is further discussed in Section 4.1.1.
2 DATA
The photometric and high-resolution imaging observations
were obtained as part of the TESS Follow-up Program
(TFOP)2. All follow-up photometric data along with the
speckle images were acquired via Exoplanet Follow-up Ob-
serving Program for TESS (ExoFOP-TESS). The radial ve-
locities are presented in Table B1. We used the TESS Tran-
sit Finder, which is a customized version of the Tapir
software package (Jensen 2013), to schedule photometric
time-series follow-up observations. In addition, we worked
with the AstroImageJ software package (Collins et al. 2017)
to perform aperture photometry for most of these follow-
up photometric observations, excluding CHAT which uses
a separate pipeline (Jordan et al. in prep.). For TOI-150,
we have 5 photometric datasets (TESS, LCO z and i bands,
El Sauce, and TRAPPIST-S) and 2 radial velocity instru-
ments (FEROS, CORALIE). The data alongside with the
best model fits are plotted in Figures 1 and 4. For TOI-163
we also have 5 photometric datasets (TESS, CHAT, Hazel-
wood, LCO i band, and El Sauce) and 1 radial velocity in-
strument (FEROS). The data and model fits can be found
in Figures 2 and 5 — these are detailed below.
2.1 TESS Photometry
TESS was designed to observe 26 24◦ × 90◦ sections of the
sky (or “sectors” — 13 in the Northern and 13 in the South-
ern hemisphere), for which each is roughly observed for one
month (∼27 days) over the course of the planned two-year
2 https://tess.mit.edu/followup/
mission3. The photometric bandpass of TESS (600−1000
nm) is very similar to the Grp band pass (630−1050 nm) for
the Gaia survey (Data Release 2 (DR2) Gaia Collaboration
et al. 2018), a fact that will prove to be useful when look-
ing for possible contaminating sources in the TESS photom-
etry. Both targets, TYC9191-519-1 (TIC 271893367, TOI-
150, Gaia DR2 5262709709389254528) and HD271181 (TIC
179317684, TOI-163, Gaia DR2 51366259202463104), were
observed in Sector 1 (from 2018 July 25 – August 22) with
the 30-minute cadence full-frame images (FFIs). Calibrated
FFIs are conveniently available for quick download via the
Mikulski Archive for Space Telescopes (MAST)4 where the
entire TESS Input Catalog (TIC) is uploaded and where the
archival lightcurve data produced by the Science Processing
Operations Center (SPOC) pipeline reside (Jenkins et al.
2016). The lightcurves used for this work were taken from
the TESS alerts page, from which we extracted the Simple
Aperture Photometry fluxes (SAPFLUX).
Outliers that were flagged were removed as well as the
same datapoints mentioned in (Huang et al. 2018) which
were taken out due to the increased spacecraft pointing
jitter. In order to search for possible additional signals to
the ones detected by the TESS team, we analyzed the light
curves using the Box-least-squares algorithm (BLS; Kova´cs
et al. 2002). Using the whole dataset we recovered the promi-
nent signals of TOI-150b and TOI-163b of 5.87d and 4.23d,
respectively. After masking these signals, no more signals are
found in the photometry. In order to mitigate stellar and/or
instrumental long-term trends in the photometry, we masked
the in-transit data and performed a Gaussian Process (GP)
regression using the quasi-periodic kernel as presented in
(Foreman-Mackey et al. 2017), which we use to detrend the
lightcurves of our target stars. The detrended and flattened
TESS light curves of both targets are shown in Figures 1
and 2, for TOI-150 and TOI-163 respectively, alongside with
the phase-folded plots of all photometry instruments where
any GP components are already subtracted. We point out
that both targets exhibit photometrically quiet behavior,
and therefore the pre-conditioned light curves look practi-
cally identical to the post-conditioned ones.
Due to the large 21” pixel size of TESS, it is imper-
ative that ground-based follow-up phototmetry is used to
confirm TESS detections in order to avoid false positive sit-
uations, such as undiluted eclipsing binaries (i.e. the com-
panion is not planetary but rather a low-mass star), back-
ground eclipsing binary or blended stellar binaries where the
light is diluted by another star (Santerne et al. 2013; De´sert
et al. 2015). In addition, this is also important for studying
possible transit dilutions that might give rise to wrong tran-
sit parameters if not taken into account when analyzing the
TESS photometry. We detail those follow-up photometric
observations below.
2.2 CHAT Photometric Follow-up
In addition to the TESS photometry, we acquired photomet-
ric data in the i band on the night of September 21, 2018 for
TOI-163 from the Chilean-Hungarian Automated Telescope
3 https://tess.mit.edu/observations/
4 https://archive.stsci.edu/tess/; https://mast.stsci.edu/tesscut/
MNRAS 000, 1–19 (2019)
4 D. Kossakowski et al.
0.990
0.995
1.000
1.005
Re
lat
iv
e f
lu
x
1330 1335 1340 1345 1350
Time (BJD - 2457000)
5000
0
5000
Re
sid
ua
ls 
(p
pm
)
TESS LCO z LCO i
El Sauce B TRAPPIST-S B
Figure 1. Top. Above is the full TESS light curve for TOI-150 taken from Sector 1, where the best-fit model from juliet is overplotted
(black line) along with the 68%, 95%, and 99% posterior bands (blue shaded regions) taken from 5000 samples. Bottom. Phase-folded
transits for TOI-150b for all available photometric instruments: TESS (top left), LCO z band (top middle), LCO i band (top right), El
Sauce (bottom left), and TRAPPIST-S (bottom right). Any GP components have been subtracted out in the phase-folded curves, and
to mention specifically for the TRAPPIST-S photometry, the meridian flip had also been corrected for.
(CHAT; Jordan et al., in prep.) 0.7 meter telescope located
at Las Campanas Observatory (LCO) in Chile. The primary
objective of CHAT is to serve for photometric follow-up for
exoplanet candidates; the telescope has achieved 1 mmag
RMS precision for stars with V magnitude 12-14. The pho-
tometry was reduced with a standard pipeline which per-
forms bias, dark and flat-field corrected images, and these
were used to extract aperture photometry for various aper-
tures. The optimal aperture was chosen as the one that, after
correcting for atmospheric effects using comparison stars of
similar brightness and colors, produced the light curve with
the smallest root-mean-square residuals after filtering with
a median filter. The resulting light curve showed an evident
ingress event at the predicted time from the TESS observa-
tions on the target. We incorporate this light curve in our
joint modelling to be detailed in Section 3.4.
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Figure 2. Top. Above is the full TESS light curve for TOI-163 taken from Sector 1, where the best-fit model from juliet is overplotted
(black line) along with the 68%, 95%, and 99% posterior bands (blue shaded regions). 5000 samples from the posterior were considered
for the confidence intervals. Bottom. Phase-folded transits for TOI-163b for all available photometric instruments: TESS (top left),
CHAT (top middle), Hazelwood (top right), LCO i band (bottom left), and El Sauce (bottom right). The phase-folded curves have been
fixed by subtracting out any GP components. Gaps present in the CHAT and Hazelwood photometry can be attributed to weather and
instrumental failures.
2.3 Hazelwood Photometric Follow-up
Photometric follow-up data for TOI-163 was also gathered
within the TESS Follow-up Observing Program (TFOP)
Working Group; specifically, within Sub Group 1 (Seeing-
limited Photometry). The data was gathered using a 0.32-m
Planewave CDK telescope from Hazelwood Observatory, a
backyard observatory, located in Victoria, Australia and op-
erated by Chris Stockdale. The observed data in the Rc fil-
ter taken on October 13, 2018 included pre-transit baseline,
ingress, and after-transit baseline with some missing obser-
vations around the egress. The photometry, although with
large systematic trends, showed an evident ingress of the
target at the expected TESS time predicted by the TESS
observations. The aperture radius is 5.5” and there were no
MNRAS 000, 1–19 (2019)
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stars within 3’ of the target with a delta magnitude less
than 5.5. We incorporate this light curve as well in our joint
modelling and we discuss in more detail on how to deal with
the photometric variability in Section 3.4.2. One should also
note that additional Hazelwood photometry for TOI-163 was
taken in the g’ band on January 14, 2019, but due to cirrus
cloud interference, several data points had been discarded
and the quality of the remaining data would not benefit the
final fit, so therefore, these datapoints were not incorpo-
rated.
2.4 LCO/CTIO Photometric Follow-up
Additional photometric data for TOI-150 were taken on
November 9, 2018 with the 1-m telescope at Cerro Tololo
Inter-American Observatory (CTIO) located near La Serena
in Chile via the Las Cumbres Observatory Global Telescope
(LCOGT) program (Brown et al. 2013). The photometry
was taken in two bands: z and i band, where both covered
the egress of the transit. The aperture radius for the z band
was 5.84”and showed no possible contamination from neigh-
boring objects; whereas the aperture radius for the i band
was 19.5”and showed potential contamination. This contam-
ination possibility was taken into consideration as a dilution
factor for the fit, but it was found that the contamination is
insignificant (Section 3.3.1).
Photometric follow-up was also taken for TOI-150 on
November 12, 2018 in the i band, where the aperture radius
was 13.2”and there were no apparent objects near the target
with a magnitude difference less than 5.97 mag. However,
there were systematics that were dealt with via Gaussian
Process regression, as explained in Section 3.4.2.
2.5 El Sauce Photometric Follow-up
Data for both TOI-150 and TOI-163 were obtained from the
Observatorio El Sauce located in the R´ıo Hurtado Valley, in
the south of the Atacama desert. TOI-150 was observed in
the B filter on January 30, 2019 and TOI-163 in the Ic fil-
ter on January 6, 2019, both covering a full transit with
an aperture radius of 7.4” and using a 0.36-meter telescope.
Photometry for both targets showed systematic trends that
were also handled with Gaussian Process regression (see Sec-
tions 3.3.2 and 3.4.2).
2.6 TRAPPIST-South Photometric Follow-up
Lastly, we obtained photometry for a full transit for TOI-150
on December 19, 2018 using the 0.6-meter TRAnsiting Plan-
ets and PlanetesImals Small Telescope−South (TRAPPIST-
South) located in La Silla, Chile. Observations were carried
out with good weather conditions in the B filter with an
aperture radius of 5.76” and all possible candidates within
2’ had been cleared. Systematics were taken care of with
Gaussian Process regression, where we also accounted for
a systematic jump in the flux due to a meridian flip (see
Section 3.3.2).
2.7 Gemini/DSSI Speckle Images
Speckle imaging for TOI-163 was obtained on October
28, 2018, using the Differential Speckle Survey Instrument
(DSSI) (Horch et al. 2009, 2012; Howell et al. 2016) lo-
cated at the 8-meter Gemini South Telescope at Cerro Pa-
chon, Chile. The DSSI obtains simultaneous speckle images
of targets as faint as V magnitude 16-17, in 2 channels: R
(692nm) and I (880nm), where the spatial resolution reached
is ∼0.017” and ∼0.028”, respectively. The 692-nm and 880-
nm filters are labeled as the R and I bands, respectively,
since their wavelength centers align, however, the true fil-
ter is considerably narrower with a ∆λ of 40 nm and 50 nm
for the respective wavelengths. The contrast curves (Figure
6) show that there are no stellar companions to a depth of
3.7 magnitudes for the R band and 3.9 magnitudes for the I
band at 0.1”; and >4.6 and >5.1 magnitudes outside a radius
of 0.5” for the two wavelengths, respectively.
2.8 FEROS Spectroscopic Follow-up
In order to identify if the transit signals are truly due to
planetary companions and to also measure the mass of the
planetary companions, we obtained radial velocities (R ≈
48,000) from the FEROS spectrograph (Kaufer & Pasquini
1998), which is mounted on the MPG 2.2m telescope located
at La Silla Observatory in Chile. To calibrate the measure-
ments, a simultaneous method was imposed where a ThAr
calibration lamp is observed in a comparison fiber next to
the science fiber, so that instrumental RV drifts can be cor-
rectly accounted for. Exposure times were on average 400-
600 seconds long for these bright F-type stars. The data was
reduced using the CERES pipeline (Brahm et al. 2017a).
For TOI-150, 20 datapoints were taken over the course
of 49 days (September 19, 2018 - November 7, 2018). The
data showed radial-velocities that evidently phased up with
the photometric ephemerides with a semi-amplitude of 200
m/s; additionally, the stellar spectrum hinted towards a 6000
K, log g = 4.0 stellar host. Similarly, 20 datapoints were
obtained for TOI-163 over the course of 47 days (Septem-
ber 17, 2018 - November 3, 2018). The radial velocities also
phased up with the photometric ephemerides, with a semi-
amplitude of 100 m/s for the target; the stellar spectrum
indicated the host star to be a 6500 K, log g = 4.0 star. No
correlation was observed with the bisector spans (BIS) for
any of the targets (Figure 3) and the data can be found in
Table B1.
2.9 CORALIE Spectroscopic Follow-up
Three high-resolution spectra were obtained for TOI-150
with CORALIE on the Swiss 1.2-m Euler telescope at La
Silla Observatory, Chile (Queloz et al. 2001) over a timespan
of 32 days (October 6, 2018 - November 7, 2018). CORALIE
has resolution R = 60,000 and uses simultaneous Fabry-
Pe´rot wavelength calibration during science exposures. The
science-fibre is 2′′ on sky. For each epoch we compute the
RVs by cross-correlation with a binary G2 mask using the
standard CORALIE pipeline. Line-profile diagnostics such
as bisector span and FWHM are produced as well, to check
for correlations with RV of which none were found. We also
compute RVs using other binary masks ranging from A0
MNRAS 000, 1–19 (2019)
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Figure 3. The radial velocity and BIS are plotted against each other for TOI-150 (left) and TOI-163 (right) using just the FEROS data
and they show no correlation. The radial velocity was offset by µFEROS (5938.91 m/s) and the color represents the phase of the period
(5.8575d), both of which where taken from the posterior Tables 4,5 for TOI-150. Likewise, the radial velocity was offset by µFEROS
(21393.73 m/s) and phase-folded with the period (4.231306d) given by the same posterior tables. The phase is defined to be 0 when the
first data point was taken.
to M4, to check for a mask-dependent signal indication a
blend. The CORALIE RVs confirm the planetary nature
of the TESS detetction and is in phase with the transit
ephemerides.
3 ANALYSIS
3.1 Stellar Parameters
To derive the stellar parameters for the host stars of these
two targets, we analyzed the co-added FEROS spectra via
the Zonal Atmospheric Stellar Parameters Estimator algo-
rithm (ZASPE, Brahm et al. 2015, 2017b). This code com-
putes the atmospheric parameters (Te f f , logg, [Fe/H]) and
the projected rotational velocity (v sin i) by comparing the
observed spectra to a grid of synthetic models generated
from the ATLAS9 model atmospheres (Castelli & Kurucz
2004). Only spectral regions that are significantly sensi-
tive to changes in the atmospheric parameters are used
for comparison. This process is then executed in an itera-
tive method, where the uncertainties are obtained through
Monte Carlo simulations. With this procedure we find that
TOI-150 has an effective temperature of Teff = 6255.0 ± 90.0
K, a surface gravity of log g = 4.20 ± 0.0090 dex, a metallic-
ity of [Fe/H] = 0.28 ± 0.036 dex, and a projected rotational
velocity of v sin i = 7.96 ± 0.28 m s−1. As for TOI-163, we
find an effective temperature of Teff = 6495.0 ± 90.0 K, a
surface gravity of log g = 4.187 ± 0.011 dex, a metallicity of
[Fe/H] = 0.220± 0.041 dex, and a projected rotational veloc-
ity of v sin i = 14.08 ± 0.27 m s−1.
We then followed the two step procedure adopted in
Brahm et al. (2018b, 2019) to infer the physical parameters
and evolutionary stage of the host stars. First, we are able
to derive a very precise stellar radius of each star by combin-
ing the parallax measurement provided by Gaia DR2 with
public broad band photometric measurements (taken from
Tycho-2 or 2MASS). Then we use the Yonsei-Yale isochrones
(Yi et al. 2001) to estimate the stellar mass and age of each
host star by comparing the obtained effective temperature
and stellar radius to those predicted by the isochrones. In
the end, we obtain radius values of R = 0.012 for TOI-150
and R = 1.648+0.023−0.025 for TOI-163; and then mass values of
M = 1.351+0.038−0.026 and M = 1.4352
+0.029
−0.028 for the stars, respec-
tively. From there, we can compute the stellar density, ρ∗,
for which we will be using as a prior for the fits. The derived
stellar parameters can be found in Table 1.
3.2 Joint Analysis
For both TESS targets, a simultaneous analysis of the
photometry, radial velocity, and stellar density was effi-
ciently preformed using a new algorithm, juliet (Espinoza
et al. 2018), as applied in two other TESS discovery papers
(Brahm et al. 2018a; Espinoza et al. 2019). juliet makes
use of makes use of Nested Samplers using either MultiNest
(Feroz et al. 2009) via the PyMultiNest package (Buchner
et al. 2014) or the dynesty package (Speagle & Barbary
2018) in order to allow the computation of Bayesian model
log-evidences, ln Z, useful for model comparison. This new
algorithm also employs batman (Kreidberg 2015) for mod-
eling the transit data and radvel (Fulton et al. 2018) for
modeling the radial velocities. This includes the ability to fit
multiple transiting and non-transiting planets, combining a
variety of photometric and radial velocity data sets where
each would have its own Gaussian Process hyperparameters
or commonly shared hyperparameters, if desired.
The advantage of this joint-modeling code, juliet, is
its versatility where we can fit a variety of parameters ef-
ficiently and explore the parameter space fully given that
we are implementing a nested sampling algorithm. Instead
of starting off with an initial parameter vector around a
likelihood maximum found via optimization techniques, as
done in common sampling methods, nested sampling sam-
ples straight from the given priors. This would mean that
large priors would take computationally more time; for this
reason, our prior choices have been selected to be the ideal
MNRAS 000, 1–19 (2019)
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Figure 4. Left. The radial velocity measurements for TOI-150 are illustrated, along with the best model (black line) and the 68%, 95%,
and 99% posterior bands (blue bands) using 5000 samples from the posteriors. FEROS and CORALIE data points are shown in orange
and blue, respectively. Below are then the residuals after subtracting the best model fit. Right. The phased radial velocity measurements
for TOI-150b, where one can see the eccentric behavior of the signal’s orbit.
200
100
0
100
200
R
ad
ia
l v
el
oc
ity
 (m
/s
)
FEROS
0 10 20 30 40
Time (BJD - 2458378)
100
0
100
R
es
id
ua
ls
200
100
0
100
200
Ra
di
al 
ve
lo
cit
y 
(m
/s)
0.4 0.2 0.0 0.2 0.4
Phase
100
0
100
Re
sid
ua
ls
Figure 5. Left. The FEROS radial velocity measurements for TOI-163 are presented, along with the best model (black line) and the
68%, 95%, and 99% posterior bands (blue bands) based on 5000 samples. Below are then the residuals after subtracting the best model
fit. Right. The phased radial velocity measurements for TOI-163b.
balance between being informed, yet wide enough to fully
acquire the posterior distribution map.
As mentioned above, juliet lets us perform model com-
parison (e.g., eccentric versus circular orbits, or N-planet
models versus N+1-planet models) by comparing the differ-
ences in Bayesian log-evidences, ∆ ln Z. We follow the rule-
of-thumb here that if ∆ ln Z . 3, then the models are indis-
tinguishable and neither is preferred so the simpler model
would then be chosen. For any ∆ ln Z that is greater than 3,
the model with the larger Bayesian log-evidence is favored.
The specific details of the analysis for each target, TOI-
150 and TOI-163, are outlined in Sections 3.3 and 3.4 re-
spectively. In general, however, the same steps were more
or less taken with some minor differences regarding eccen-
tricities, instrument jitter terms (σw), and instrument di-
lution factors (D). The treatment of the TESS lightcurves
for both targets was identical in the sense that they are
long-cadence observations, so therefore, we applied a resam-
pling technique (outlined in Kipping 2010), where we re-
sampled N = 20 points per given datapoint. In order to
avoid potential biases by our limb-darkening assumptions
(see, e.g., Espinoza & Jorda´n 2015), we choose to fit for the
limb-darkening coefficients simultanously on our transit fit-
ting procedure. The TESS photometry was modelled with
a quadratic limb-darkening law, whereas the other photo-
metric instruments were assigned linear limb-darkening laws
(both parametrized with the uniform sampling scheme of
Kipping 2013). The selection of a two-parameter law for pre-
cise space-based instruments like TESS and of the linear law
for the ground-based instruments was based on the work of
Espinoza & Jorda´n (2016). Furthermore, instead of fitting
directly for the planet-to-star radius ratio (p = Rp/R∗) and
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Figure 6. Presented here are the Gemini speckle interferometric observation contrast curves for the R (692nm) and I (880nm) band for
TOI-163, along with the reconstructed images to show that there are no close stellar companions that could affect the light curve.
Table 1. Stellar parameters of TOI-150 and TOI-163.
Parameter TOI-150 Value TOI-163 Value Source
Identifying Information
TIC ID 271893367 179317684 TICa
GAIA ID 5262709709389254528 4651366259202463104 Gaia DR2b
2MASS ID J07315176-7336220 J05190435-7153441 2MASSc
R.A. (J2015.5, h:m:s) 7h31m51.7s 5h19m4.3s Gaia DR2b
DEC (J2015.5, d:m:s) −73◦36′21.73′′ −71◦53′43.9′′ Gaia DR2b
Proper motion and parallax
µα cos δ (mas yr−1) 27.14 ± 0.03 7.14 ± 0.07 Gaia DR2b
µδ (mas yr
−1) -15.21 ± 0.03 16.37 ± 0.08 Gaia DR2b
Parallax (mas) 2.94 ± 0.02 2.40 ± 0.05 Gaia DR2b
Spectroscopic properties
Teff (K) 6255 ± 90 6495 ± 90 ZASPEd
Spectral Type F F ZASPEd
[Fe/H] (dex) 0.28 ± 0.036 0.22 ± 0.041 ZASPEd
log g∗ (cgs) 4.13 ± 0.009 4.187 ± 0.011 ZASPEd
v sin(i∗) (km/s) 7.96 ± 0.279 14.08 ± 0.266 ZASPEd
Photometric properties
T (mag) 10.865 ± 0.019 10.843 ± 0.018 TICa
G (mag) 11.34 ± 0.015 11.22 ± 0.015 Gaia DR2b
B (mag) 12.173 ± 0.212 11.852 ± 0.204 Tycho-2e
V (mag) 11.39 ± 0.0015 11.467 ± 0.0014 Tycho-2e
J (mag) 10.324 ± 0.028 10.404 ± 0.021 2MASSc
H (mag) 10.045 ± 0.022 10.153 ± 0.024 2MASSc
Ks (mag) 9.94 ± 0.019 10.124 ± 0.023 2MASSc
Derived properties
M∗ (M) 1.351+0.038−0.026 1.4352
+0.029
−0.028 YY
∗
R∗ (R) 1.526+0.012−0.012 1.648
+0.023
−0.025 YY
∗
L∗ (L) 3.137+0.340−0.270 4.330
+0.250
−0.256 YY
∗
MV 3.507+0.107−0.153 3.125
+0.069
−0.072 YY
∗
Age (Gyr) 2.346+0.425−0.901 1.823
+0.300
−0.331 YY
∗
ρ∗ (kg m−3) 533.2+14.4−16.5 451.8
+18.9
−19.4 YY
∗
Note. Logarithms given in base 10.
(a) TESS Input Catalog (Stassun et al. 2018); (b) Gaia Data Release 2 (Gaia Collaboration et al.
2018); (c) Two-micron All Sky Survey (Cutri et al. 2003); (d) Zonal Atmospheric Stellar Parameters
Estimator (Brahm et al. 2015, 2017b); (e) Tycho-2 Catalog (Høg 2000)
*: Yonsei-Yale isochrones (Yi et al. 2001); using stellar parameters obtained from ZASPE.
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the impact parameter of the orbit (b), we choose to use the
parametrization introduced in Espinoza (2018) in which we
fit for the parameters r1 and r2 which ensure we explore the
whole range of physically plausible values in the (p, b) plane.
Our final fits include ρ∗, the stellar density as taken from
Table 1, as a prior, largely due to newer and more precise
data (i.e. from Gaia Data Release 2), since we can now take
advantage of the estimated stellar density and use it to con-
strain P and a/R∗ of single transiting planets, instead of the
opposite as previously done (Seager & Malle´n-Ornelas 2003;
Sozzetti et al. 2007). The impact that a stellar density prior
may have on various parameters is discussed in Section 3.5.
Before creating the final joint fits for each target, indi-
vidual fits on photometry-only and radial velocity-only were
first carried out. The posteriors from these fits were then
taken into consideration when setting up the priors for the
joint fit. The main differences in priors between the joint fits
and the individual fits, were that the P and t0 parameters
were adapted to have a normal prior rather than a uniform
prior where the normal prior is based on the posterior dis-
tributions from the transit-only fit. The prior for the semi-
amplitude K, was kept to be uniform but more constrained
than searching through the entire parameter space.
3.3 Joint-Analysis of TOI-150
As a recollection of what data was collected for TOI-150, we
have transit photometry (Figure 1) from TESS, LCOGT z
band (egress), LCOGT i band (egress), El Sauce (full), and
TRAPPIST-S (full), as well as radial velocities (Figure 4)
from FEROS (20 points) and CORALIE (3 points).
3.3.1 Flux Contamination Possibility
Because TESS has a large pixel size of 21” it is particularly
important to search for nearby sources which could pollute
the aperture requiring dilution factors (D) to be taken into
account (see Sections 2.1 and 3.1.2 in Espinoza et al. 2018).
TOI-150 (Gaia DR2 5262709709389254528, Grp magnitude
of 10.85) may face some obstacles with nearby neighbors,
where there are two that have relatively low magnitudes
(14.20, Gaia DR2 5262709881187945344, ∼41” ≈ 2 TESS
pixels; 11.98, Gaia DR2 5262706681434867968, ∼62” ≈ 3
TESS pixels), and the other nearby targets are not signifi-
cantly bright enough.
Because the Gaia Grp-band and the TESS band are
quite similar, we can approximate what the dilution factor
for TESS (DTESS) would be using equation 2 in Espinoza
et al. (2018) to get D ≈ 0.71 (assuming that the two bright
objects are within the same TESS pixel). We therefore allow
the TESS dilution factor to vary uniformly with the conser-
vative lower bound of 0.5 to 1.0, with the idea in mind that
the other targets are probably not impacting the flux signif-
icantly. Indeed, we do find that DTESS is consistent with 1
(0.9699; Table 4). As for the other photometric instruments,
the dilution factors are fixed to 1.0 as there is no indications
of flux contamination.
3.3.2 GP Hyperparameters & Instrumental Jitter Terms
The TESS photometric data appears clean and well-
behaved whereas the LCO z and i band, the El Sauce, and
TRAPPIST-S data might have some dependencies on other
potential factors. To see which additional factors are nec-
essary to take into account, photometry-only fits first were
made with each photometric instrument, and the posterior
log-evidences were compared between fits without any de-
trending parameters and fits accounting for possible system-
atic trends using a Gaussian Process (GP) regression with
a multi-dimensional squared-exponential kernel combining
multiple components in time, airmass, centroid position, full-
width half maximum (FWHM) and/or sky flux, if available.
It was found that for the LCO z and i band photometry no
additional terms are needed to correct the photometry from
systematics other than a flux offset. For El Sauce photom-
etry, we found that airmass was an important regressor to
take into account with a GP. Finally, for the TRAPPIST-S
photometry, we found that no additional GP was needed —
however, the meridian flip offset flux has to be modelled.
For this, we simply added an extra parameter (θ0) that ac-
counts for an additive flux offset at the (known) time of the
meridian flip.
Aside from the GP components, we also considered pos-
sible jitter terms (i.e. values added in quadrature to the for-
mal error bars of the data) for both the photometry and the
radial-velocities. Some were found to be consistent with 0,
specifically σw,TESS and σw,CORALIE , and therefore these
parameters are set to 0 for the final fits; whereas the others
(σw,LCOz , σw,LCOi , and σw,FEROS) are left to be free.
3.3.3 Final Model Parameters
With the whole set up complete, we perform two main runs
for a circular and eccentric model by keeping every param-
eter prior identical except for
√
eb sinωb and
√
eb cosωb,
which were fixed for the circular model and free for the ec-
centric model. Interestingly enough, this hot Jupiter prefers
an eccentric orbit (e = 0.26) rather than a circular one
(∆lnZ>80) and the posterior results can found in Tables 4,
5, & 6 alongside the prior table for the final fit in Tables 2,
3.
3.3.4 Signals in the Residuals
After performing a 1-planet model fit, the radial velocity
residuals were checked for additional potential signals. By
eye and by the GLS periodogram (Zechmeister & Ku¨rster
2009), no signals suggestive of being above the significance
level of the False Alarm Probability (FAP) were seen (Eq.
24 in Zechmeister & Ku¨rster 2009). That being said, there
is some hint of power around ∼ 10 days. To further inves-
tigate if it is possible that there is evidence for a 2-planet
model, supplementary fits were carried out on just the radial
velocities from FEROS and CORALIE. Using wide uniform
priors for the period and semi-amplitude of a second signal
with juliet, we found that indeed the posterior period for
an additional, non-zero amplitude signal in the data peaks
at about ten days. However, when the log-evidences of the
1-planet and 2-planet models are compared, the difference
is not significant (∆ ln Z . 2) and thus the simpler, 1-planet
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Table 2. Below are the priors used for TOI-150 and TOI-163 for the final joint analysis fit using juliet. As a recollection, p = Rp/R∗
and b = (a/R∗) cos(ip ), where Rp is the planetary radius, R∗ the stellar radius, a the semi-major axis of the orbit and ip the inclination of
the planetary orbit with respect to the plane of the sky. e and ω are the eccentricity and argument of periastron of the orbits. The prior
labels of N, U, and J represent normal, uniform, and Jeffrey’s distributions. Reasons for why some parameters are fixed to a value are
better explained in detail in Sections 3.3.2 and 3.4.2. The parametrization for (p, b) using (r1, r2) (Espinoza & Jorda´n 2015, 2016) and
the linear (q1) and quadratic (q1, q2) limb-darkening parametrization (Kipping 2013) are both described in Section 3.2. Continuation of
the priors are in Table 3.
Parameter name Prior (TOI-150b) Prior (TOI-163b) Units Description
Parameters for the star
ρ∗ N(535.76, 17.482) N(451.406, 29.52) kg/m3 Stellar density.
Parameters for planet b
Pb N(5.87, 0.012) N(4.23, 0.0012) days Period.
t0,b − 2458320 N(6.32, 0.012) N(8.88, 0.012) days Time of transit-center.
r1,b U(0, 1) U(0, 1) — Parametrization for p and b.
r2,b U(0, 1) U(0, 1) — Parametrization for p and b.
Kb U(150, 300) U(80, 170) m/s Radial-velocity semi-amplitude.
S1,b = √eb sinωb U(−1, 1) 0.0 (fixed) — Parametrization for e and ω.
S2,b = √eb cosωb U(−1, 1) 0.0 (fixed) — Parametrization for e and ω.
Parameters for TESS
DTESS U(0.5, 1) U(0, 1) — Dilution factor for TESS.
MTESS N(0, 0.12) N(0, 0.12) ppm Relative flux offset for TESS.
σw,TESS J(0.1, 6002) 0.0 (fixed) ppm Extra jitter term for TESS lightcurve.
q1,TESS U(0, 1) U(0, 1) — Quadratic limb-darkening parametrization.
q2,TESS U(0, 1) U(0, 1) — Quadratic limb-darkening parametrization.
Parameters for CHAT
DCHAT — 1.0 (fixed) — Dilution factor for CHAT.
MCHAT — N(0, 0.12) ppm Relative flux offset for CHAT.
σw,CHAT — 0.0 (fixed) ppm Extra jitter term for CHAT lightcurve.
q1,CHAT — U(0, 1) — Linear limb-darkening parametrization.
Parameters for Hazelwood
DHazwelwood — 1.0 (fixed) — Dilution factor for Hazwelwood.
MHazwelwood — N(0, 0.12) ppm Relative flux offset for Hazwelwood.
σw,Hazwelwood — J(0.1, 50002) ppm Extra jitter term for Hazwelwood lightcurve.
q1,Hazwelwood — U(0, 1) — Linear limb-darkening parametrization.
GPσ,Hazwelwood — J(0.1, 120002) — Amplitude of GP component.
GPy,Hazwelwood — J(0.01, 502) — Pixel y-centroid GP componenent.
Parameters for LCO z band
DLCO,z 1.0 (fixed) — — Dilution factor for LCO z band.
MLCO,z N(0, 0.12) — ppm Relative flux offset for LCO z band.
σw,LCO,z J(0.1, 100002) — ppm Extra jitter term for LCO z band lightcurve.
q1,LCO,z U(0, 1) — — Linear limb-darkening parametrization.
Parameters for LCO i band
DLCO,i 1.0 (fixed) 1.0 (fixed) — Dilution factor for LCO i band.
MLCO,i N(0, 0.12) N(0, 0.12) ppm Relative flux offset for LCO i band.
σw,LCO,i J(0.1, 100002) J(0.1, 50002) ppm Extra jitter term for LCO i band lightcurve.
q1,LCO,i U(0, 1) U(0, 1) — Linear limb-darkening parametrization.
GPσ,LCO,i J(0.1, 100002) J(0.1, 100002) — Amplitude of GP component.
GPt,LCO,i J(0.01, 102) — — Time GP componenent.
GPFWHM,LCO,i — J(0.01, 1002) — FWHM GP componenent.
GPSky f lux,LCO,i — J(0.01, 1002) — Sky Flux GP componenent.
Parameters for El Sauce
DEl Sauce 1.0 (fixed) 1.0 (fixed) — Dilution factor for El Sauce.
MEl Sauce N(0, 0.12) N(0, 0.12) ppm Relative flux offset for El Sauce.
σw,El Sauce J(0.1, 100002) J(0.1, 50002) ppm Extra jitter term for El Sauce lightcurve.
q1,El Sauce U(0, 1) U(0, 1) — Linear limb-darkening parametrization.
GPσ,El Sauce J(0.1, 100002) J(0.1, 1502) — Amplitude of GP component.
GPrho,El Sauce — J(0.001, 302) — Rho for Matern GP componenent.
GPt imescale,El Sauce — J(0.001, 302) — Timescale for Matern GP componenent.
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Table 3. Continuation of Table 2.
Parameter name Prior (TOI-150b) Prior (TOI-163b) Units Description
Parameters for TRAPPIST-S
DTRAPPIST 1.0 (fixed) — — Dilution factor for TRAPPIST-S.
MTRAPPIST N(0, 0.12) — ppm Relative flux offset for TRAPPIST-S.
σw,TRAPPIST J(0.1, 100002) — ppm Extra jitter term for TRAPPIST-S lightcurve.
q1,TRAPPIST U(0, 1) — — Linear limb-darkening parametrization.
θ0,TRAPPIST U(−0.5, 0.5) — ppm Offset value applied to account for meridian flip.
RV parameters
µFEROS N(5939.0783, .52) N(21392.22, 152) m/s Systemic velocity for FEROS.
σw,FEROS J(0.1, 1002) 0.0 (fixed) m/s Extra jitter term for FEROS.
µCORALIE N(5885.6659, 152) — m/s Systemic velocity for CORALIE.
σw,CORALIE 0.0 (fixed) — m/s Extra jitter term for CORALIE.
.
model is favored by the current data and for this reason, we
do not continue to investigate the secondary signal further
at this point.
3.4 Joint-Analysis of TOI-163
For TOI-163, we have transit photometry (see Figure 2) from
TESS, CHAT (ingress), Hazelwood (ingress), LCO i band
(full), and El Sauce (full), along with radial velocities from
FEROS (Figure 5). The step process for modeling fits with
TOI-163 is essentially the same as for TOI-150 with minor
differences.
3.4.1 Flux Contamination Possibility
Fortunately, TOI-163 (Gaia DR2 4651366259202463104,
Grp magnitude of 10.82) doesn’t have any neighboring Gaia
DR2 targets with a large enough flux to impact the light
curve, however, there are plenty of faint objects that might
have some influence, and therefore we let the dilution factor
(DTESS) be free for just the TESS photometry. In fact, if
we perform a rough estimation, there are about 20 objects
within one TESS pixel with magnitudes >18, so if we as-
sume 20 objects with worse-case scenario magnitudes of 18,
this translates to a D of ∼0.9626. This actually corresponds
quite well with the dilution value we get from the final fit of
0.96996 (see Table 4).
In addition to no bright nearby Gaia objects, speckle
data from Gemini/DSSI in both the R (692nm) and I
(880nm) wavelengths show that there are no significant
sources of light nearby (Figure 6). Therefore, this further
confirms the planetary nature of the signal found in the light
curve and radial velocities and allows us to fix the dilution
factors of the other photometric instruments to 1.0.
3.4.2 GP Hyperparameters & Instrumental Jitter Terms
While the TESS and CHAT data are relatively well-
behaved, the Hazelwood, LCO i band, and El Sauce data
show clear signs of systematic effects, therefore, we per-
formed additional model fits with and without GP compo-
nents, in the same manner as we explained in Section 3.3.2
for TOI-150. We decided to consider 1 GP component (y
pixel centroid) for the Hazelwood photometry, 2 GP com-
ponents (FWHM, sky flux) for the LCO i band photometry,
and an exponential and Matern GP kernel (time) for the El
Sauce photometry.
As for the jitter terms, we encounter that σw,TESS ,
σw,CHAT , and σw,FEROS can be fixed to 0, whereas
σw,Hazelwood, σw,LCO,i , and σw,El Sauce will be allowed
to be free in the fit.
3.4.3 Final Model Parameters
As with TOI-150, we perform circular and eccentric model
fits, finding that the circular model is ever so slightly pre-
ferred (∆lnZ<2). The full posterior information is in Tables
4, 5, & 6 where the priors are located in Tables 2, 3.
3.4.4 Signals in the Residuals
Following the same ideology as in Section 3.3.4, we checked
the radial velocity residuals for additional signals and found
suggestions in the residuals for an extra periodic signal (Fig-
ure 5). Looking at the GLS periodogram of the radial veloc-
ity residuals, a bump around 34 days is present — it is, how-
ever, not above any significance level. 2-planet models fits on
just the radial velocities from FEROS were performed, again
trying wide uniform priors in the period and semi-amplitude
of a possible signal. The posterior period of this additional
possible signal was 37 days — however, the log-evidence of
this 2-planet fit was also not significantly better than the
1-planet fit (∆ ln Z . 2), and thus the 1-planet fit model is
preferred and the potential signal is not further explored.
3.5 Stellar Density Prior
We also experimented with the impact that a stellar den-
sity prior5, ρ∗, may have on eccentricity as well as on the
stellar density itself by allowing the stellar density prior to
be an uninformative Jeffrey’s prior, J(1, 10000), rather than
a normal prior (as provided by Table 2). Focusing just on
5 When ρ∗ is given as a prior, then a, the scaled semi-major axis,
is no longer a model parameter.
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Table 4. Presented below are the posterior parameters obtained for TOI-150b TOI-163b using juliet. Priors can be found in Tables 2
& 3. The continuation of posterior values can be found in Table 5.
Parameter name Posterior estimatea for TOI-150b Posterior estimatea for TOI-163b
Posterior parameters
Pb (days) 5.857487+0.000089−0.000097 4.231306
+0.000063
−0.000057
t0,b (BJD UTC) 2458326.27730+0.00086−0.00089 2458328.8797
+0.00062
−0.00063
ρ∗ (kg/m3) 538+15−16 459
+24
−25
r1,b 0.552+0.077−0.115 0.577
+0.035
−0.038
r2,b 0.0826+0.0012−0.0011 0.091
+0.0016
−0.0015
Kb (m/s) 240+11−11 120
+12
−11
eb 0.262+0.045−0.037 0 (fixed
b , < 0.091)
Posterior parameters for TESS
DTESS 0.9959+0.0028−0.0053 0.970
+0.012
−0.030
MTESS (ppm) 7+20−20 −1+20−21
σw,TESS (ppm) 0 (fixed
b , < 87) 0 (fixedb , < 90.3)
q1,TESS 0.68+0.19−0.22 0.45
+0.27
−0.21
q2,TESS 0.076+0.092−0.050 0.14
+0.19
−0.09
Posterior parameters for CHAT
MCHAT (ppm) — 7+248−265
σw,CHAT (ppm) — 0 (fixed
b , < 361)
q1,CHAT — 0.75+0.09−0.09
Posterior parameters for Hazelwood
MHazelwood (ppm) — 3904+1917−2355
σw,Hazelwood (ppm) — 3154+220−206
q1,Hazelwood — 0.54+0.17−0.18
GPσ,Hazelwood (ppm) — 3591+2342−1259
GPy,Hazelwood — 6.97+11.45−3.65
Posterior parameters for LCO z band
MLCO,z (ppm) −258+169−163 —
σw,LCO,z (ppm) 1096+110−100 —
q1,LCO,z 0.404+0.083−0.050 —
Posterior parameters for LCO i band
MLCO,i (ppm) −1317+172−182 −7744+1174−1145
σw,LCO,i (ppm) 1366+79−74 22515
+170
−144
q1,LCO,i 0.179+0.089−0.085 0.21
+0.14
−0.12
GPσ,LCO,i — 4725+762−593
GPFWHM,LCO,i — 13.1+14.3−6.3
GPsky f lux,LCO,i — 27+34−12
Posterior parameters for El Sauce
MEl Sauce (ppm) −6374+1675−1392 −1772+18632−12903
σw,El Sauce (ppm) 4449+242−228 2457
+144
−145
q1,El Sauce 0.73+0.15−0.19 0.34
+0.29
−0.22
GPσ,El Sauce 3608+1442−1021 16.2
+26.2
−8.9
GPairmass,El Sauce 18+17−14 —
GPrho,El Sauce — 2.4+9.3−2.0
GPt imescale,El Sauce — 0.79+4.52−0.65
a Error bars denote the 68% posterior credibility intervals.
b Upper limits denote the 95% upper credibility interval of fits.
MNRAS 000, 1–19 (2019)
14 D. Kossakowski et al.
Table 5. Continuation for Table 4.
Parameter name Posterior estimatea for TOI-150b Posterior estimatea for TOI-163b
Posterior parameters for TRAPPIST-S
MTRAPPIST-S (ppm) −6673+207−215 —
σw,TRAPPIST-S (ppm) 4122+99−95 —
q1,TRAPPIST-S 0.54+0.12−0.12 —
θ0,TRAPPIST-S −0.00500+0.00041−0.00043 —
Posterior RV parameters
µFEROS (m/s) 5939.0+7.3−7.2 21393.7
+6.7
−6.6
σw,FEROS (m/s) 32.8+7.9−6.6 0 (fixed
b , < 43)
µCORALIE (m/s) 5887+12−13 —
σw,CORALIE (m/s) 0 (fixed
b , < 36) —
a Error bars denote the 68% posterior credibility intervals.
b Upper limits denote the 95% upper credibility interval of fits.
Table 6. Presented below are the derived planetary parameters obtained for TOI-150b and TOI-163b using the posterior values from
Tables 4 & 5.
Parameter name Posterior estimatea for TOI-150b Posterior estimatea for TOI-163b
Derived transit parameters for
Rp/R∗ 0.0826+0.0012−0.0011 0.09082+0.0016−0.0015
b = (a/R∗) cos(ip ) 0.33+0.12−0.17 0.365+0.053−0.057
ab/R∗ 9.917+0.092−0.099 7.57+0.13−0.14
ip (deg) 88.09+0.98−0.68 87.24
+0.47
−0.45
u1 0.124+0.131−0.082 0.19
+0.16
−0.12
u2 0.69+0.15−0.21 0.48
+0.25
−0.32
tT (hours) 5.12+0.21−0.18 4.93
+0.17
−0.15
Derived physical parameters
Mp (MJ ) 2.51+0.12−0.12 1.22
+0.12
−0.12
Rp (RJ ) 1.255+0.021−0.019 1.489
+0.034
−0.034
ρp (g cm
−3) 1.68+0.12−0.12 0.49
+0.059
−0.055
gp (m s
−2) 41.3+2.5−2.4 14.2
+1.5
−1.5
a (AU) 0.07037+0.00087−0.00088 0.0580
+0.0014
−0.0014
Teq (K)
c 1404.5+7.1−6.5 1669
+16
−14
a Error bars denote the 68% posterior credibility intervals.
c Equilibrium temperatures calculated assuming 0 Bond Albedo.
the TOI-150 data since this target has a planet with eccen-
tric behavior, we found that the eccentricities agree with
each other regardless of whether ρ∗ was given as a normal
(e = 0.26 ± 0.04) or Jeffrey’s prior (e = 0.27 ± 0.05). Both
obtained stellar densities from the eccentric fits agreed with
the expected density where the distribution was accurate
(ρ∗ = 537+15−16) but much more uncertain when ρ∗ was given as
a Jeffrey’s prior (ρ∗ = 523+129−120). As for the circular fits, both
obtained density distributions deviated from the expected
value yet showed narrow precision; when ρ∗ was given as a
normal prior, the deviation was mild (ρ∗ = 451+10−11), where
the deviation was huge for when ρ∗ was given as a Jeffrey’s
prior (ρ∗ = 25+3−4). This demonstrated disagreement of stel-
lar density distributions among the circular fits is due to
the fact that the evidence for TOI-150 favors a non-circular
model over a circular model.
3.6 Search for secondary eclipses
A search for secondary eclipses was performed on the TESS
photometry. The expected secondary eclipse depth, assum-
ing reflected light is the main component (i.e., a depth equal
to Ag(a/Rp)2, where Ag is the geometric albedo) was smaller
than 69±2 ppm for TOI-150b, and 144±7 ppm for TOI-
163b (assuming Ag < 1, which seems to be the case for hot
Jupiters; see, e.g., Heng & Demory 2013). Given the TESS
data as of now solely from Sector 1, there is no significant dip
at the anticipated times. They might be detectable, however,
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once data from future sectors is released — see Section 4.2
for a more in-depth discussion. Detecting phase variations
(as described in Shporer 2017) with the current data is not
possible given the large amount of systematics present.
4 DISCUSSION
4.1 The two systems
With the help of multiple photometric and spectroscopic in-
struments (which highlights the enormous contribution that
a program such as TFOP can deliver to exoplanetary sci-
ence) we were able to obtain tight constraints on the pe-
riod and time of periastron, and thanks to precise parallax
measurements from Gaia we constrain the stellar radius,
and therefore the planetary radius and semimajor-axis very
well, in comparison to other known hot Jupiters6 (Figure
7). TOI-150b is a 1.254 ± 0.016RJ massive (2.61+0.19−0.12 MJ)
hot Jupiter in a 5.857-day orbit with a peculiarly high ec-
centricity (e = 0.262+0.045−0.037) — discussed more in Section 4.1.1
— and density larger than Jupiter’s (ρp = 1.7±0.1 g cm−3).
On the other hand, TOI-163b is an inflated hot Jupiter (RP
= 1.478+0.022−0.029RJ, MP = 1.22 ± 0.11MJ) on a P = 4.231-day
circular orbit, with a density less than that of Saturn (ρp
= 0.49 ± 0.05 g cm−3). Though TOI-163b does not appear
to be an outlier in Figure 7 relative to the other planets,
targets of such equilibrium temperatures are not expected
to have such high radii, but rather radii of 1MJ (Sestovic
et al. 2018). These two targets are quite exciting given that
both of them should be observed in at least 12 sectors with
TESS. Moreover, TOI-150 and TOI-163 are only 10.4◦ and
6.4◦, respectively, away from the center of the Continuous
Viewing Zone (CVZ)7 of the future James Webb Space Tele-
scope (JWST; Gardner et al. 2009). Note that the CVZ
has a relatively small radius of 5◦, meaning that TOI-163 is
sitting right on the edge. In fact, both targets should be ob-
servable for more than ∼200 days8 with this future exciting
space-based observatory. Though both targets are not par-
ticularly suitable for transmission spectroscopy with JWST,
they both show promise for secondary eclipse observations
— further discussed in Section 4.2. Both targets are more-
over ideal for the Rossiter-McLaughlin (RM) effect, where
an ample number of observations during the transits could
be taken, allowing us to resolve the effect well and thus, gain
a better grasp for the spin-orbit alignment of the system —
also explained more in Section 4.2.
4.1.1 Eccentricity of TOI-150b
When we look at all the known hot Jupiters and their ec-
centricities (Figure 8), we notice that most of them have
zero eccentricities. For a hot Jupiter to have a non-zero ec-
centricity, it either has to be currently migrating towards a
circular orbit through tidal decay or it has to be excited into
6 using the NASA Exoplanet Archive; exoplan-
etarchive.ipac.caltech.edu, accessed on 11 March 2019
7 https://jwst-docs.stsci.edu/display/JTI/
JWST+Observatory+Coordinate+System+and+Field+of+Regard
8 Figure 2, https://jwst-docs.stsci.edu/display/JTI/
JWST+Target+Viewing+Constraints
an eccentric orbit by, e.g., a stellar or planetary companion.
For this reason, exoplanets with higher eccentricities are in-
triguing to follow and explore — TOI-150b is alluring for
this reason.
We calculate the circularization time-scale (Eq. 2 in
Adams & Laughlin 2006) to be 3.46 ± 0.68 Gyr using a Q-
factor of 106 (Penev et al. 2012), or 2 magnitudes larger if we
adopt a Q-factor of ∼ 108 (Collier Cameron & Jardine 2018)
since the time-scale scales linearly with Q. This time-scale is
then on the same order of magnitude as the age of the star or
larger (& 2.46 Gyr, Table 1). If the time-scale were shorter
than the age of the star, then we would expect to see an
already circular orbit, unless there were other companions
involved that could have excited the planet into an eccentric
orbit. Our calculation serves as just a rough order of mag-
nitude estimate, as the Q-factor is not so well defined for
F-type stars — work similar to that of Penev et al. (2016);
Hoyer et al. (2016a,b) have constrained this factor for solar-
type stars to be 6.5−7 using massive ultra-short period giant
exoplanets. Such a study is needed for F-type stars to un-
derstand whether our selected Q-factor is reasonable and,
thus, if the observed circularization time-scale truly agrees
with our estimated age of the system.
4.2 Candidates for Secondary Eclipses,
Spectroscopic Transmission, and RM effect
As mentioned before, both targets are very close to the
JWST CVZ, particularly TOI-163 being just on the edge.
This makes these targets interesting in their own right as
scheduling for these targets would be easier, which would
open the window for several exciting possibilities of atmo-
spheric characterization. For transmission spectroscopy in
particular, TOI-163b is a decent target (with an expected at-
mospheric signal in transmission of ∼70 ppm, assuming one
scale-height of variation; see, e.g., Wakeford et al. 2019)
whereas TOI-150b is not particularly good since the ex-
pected atmospheric signal in transmission (∼20 ppm) is just
hitting the noise floor of 20 ppm for JWST (Greene et al.
2016).
In general, the expected atmospheric signal alone does
not tell us how good actual observations with observatories
like JWST will be for the targets, as this has to be weighted
against, e.g., the apparent magnitude of the targets. We thus
use the figure of merit (FOM) introduced by Zellem et al.
(2017) in order to calculate how good our targets are for
transmission spectroscopy studies and compare this to the
known hot Jupiters. This FOM is given by
FOMtransspec =
δtranspec
100.2H−mag
,
where
δtranspec =
2RpH
R2∗
.
Here, Rp is the planetary radius, R∗ is the stellar radius,
and H = kbTp/mgp is the planetary scale-height. For calcu-
lating the scale height, the different parameters include the
Boltzmann’s constant, kb, the planetary equilibrium tem-
perature, Tp, the mean mass, m, that makes up the planet’s
atmosphere (assumed 2.3mproton for a hot Jupiter resem-
bling a composition consisting mostly of H2), and the grav-
ity on the planet’s surface, gp. H − mag in the FOM is the
MNRAS 000, 1–19 (2019)
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Figure 7. Radius versus equilibrium temperature (left) and a radius versus mass (right) plot of the known hot Jupiters (0.7 ≤ P (days)
≤ 10, 0.3 ≤ Mp (MJ ) ≤ 3.0) where TOI-150b and TOI-163b are annotated and their error bars are plotted on top
. Note the small error for the targets characterized in this work in comparison with previously characterized systems.
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Figure 8. Eccentricities as a function of planetary period for
known hot Jupiters (0.7 ≤ P (days) ≤ 10, 0.3 ≤ Mp (MJ ) ≤ 2.0)
where TOI-150b is denoted as a red star. There are a total of
63 planets with non-zero eccentricity. Note that non-zero eccen-
tricity planets without proper error bars were ignored given that
the provided eccentricity values most likely were representing the
upper eccentricity value rather than the true eccentricity.
magnitude of the host star in the H band. We present the
FOM for transmission spectroscopy for all known transiting
hot Jupiters in the top panel of 9. As can be seen, TOI-163
is the best of the two here presented exoplanets for trans-
mission spectroscopy, but it has a rather average FOM in
comparison to other known hot Jupiters (Figure 9).
We repeat this exercise for our targets, but now for
secondary eclipses following the FOM introduced in Zellem
et al. (2018), which is given by
FOMeclipse =
FpR2pF
−1∗ R−1∗
100.2H−mag
where F is the flux of either the planet or star and which
here, for simplicity, we approximate with blackbody radi-
ation. We find that the secondary eclipses of both targets
should be observed with JWST (Figure 9).
Both targets are deemed as highly suitable targets for
0 2 4 6 8 10
FOM Transmission Spectroscopy
0
5
10
15
Co
un
ts
TOI-150
TOI-163
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
FOM Secondary Eclipse
0
5
10
15
20
Co
un
ts
TOI-150
TOI-163
Figure 9. Histograms of the figure of merit (FOM) for both
transmission spectroscopy (top) and secondary eclipses (bottom)
for all known transiting hot Jupiters (0.7 ≤ P (days) ≤ 10, 0.3 ≤
Mp (MJ ) ≤ 2.0) are shown. The two targets are not the top
candidates for transmission spectroscopy with JWST, but will be
good follow-up candidates for secondary eclipses. Note that those
with all required parameters in calculating the FOM were kept
(171 in total).
follow-up Rossiter-McLaughlin (RM) observations, which
can aid in determining the spin-orbit alignment between
the hot Jupiter and the host star. Many hot Jupiters have
been found to have large misalignments (Crida & Batygin
2014) and the degree of misalignment can help in distin-
guishing between different migration theories. In addition,
both targets lie just above the cutoff (Te f f = 6090+150−110K)
where we expect to see co-planar and misaligned planets
(Triaud 2018), which is even more so intriguing for TOI-
150b given its eccentric nature. Using equation 6 of Gaudi
& Winn (2007),
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KR = 52.8 m s−1
(
VS sin IS
5 km s−1
) (
r
RJ
)2 ( R
R
)−2
where VS sin IS is 7.96 and 14.08 km s−1 for TOI-150
and TOI-163 (Table 1), respectively, r is the radius of the
planet, and R is the radius of the star; we obtain KR values
of 56.9+2.6−2.5 and 121.4
+4.9
−4.7 ms
−1 for TOI-150b and TOI-163b,
respectively. Given that the average spectrum exposure time
is roughly 400∼600 seconds with an average uncertainty of
15ms−1 (for an instrument like FEROS) and that the transit
duration is 5.12+0.21−0.18 and 4.93
+0.17
−0.15 hours for TOI-150b and
TOI-163b, respectively, then we would be able to obtain at
least 30 and 29 observations during the transit, which is
more than adequate to resolve the RM effect, making both
targets optimal for these observations.
5 SUMMARY
In this paper, we have presented the 30-minute cadence
TESS discovery of two hot Jupiters, TOI-150b and TOI-
163b, supported by follow-up photometric and spectroscopic
measurements, in which a joint fit of the transit photome-
try and radial velocity data was performed using the new
tool juliet in order to thoroughly constrain the planet pa-
rameters with truly high precision. The radial velocity and
speckle imaging all favor and provide evidence of the plan-
etary nature of these detected signals. Both targets exhibit
promising outcomes for investigating spin-orbit alignment
using the RM effect and they both will serve as great sec-
ondary eclipse candidates considering they are very close to
the JWST CVZ. TOI-150b is on its own an appealing ex-
oplanet to investigate given its high, non-zero eccentricity
of 0.26, a very uncommon value among already known hot
Jupiters.
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Table B1. RV data for TOI-150 and TOI-163. Data will be available online in machine-readible format.
BJD RV (m/s) σRV (m/s) BIS (m/s) σBIS (m/s) Instrument
TOI-150
2458380.90067285 5759.5 20.3 -170.0 16.0 FEROS
2458382.88380768 6173.3 18.1 24.0 15.0 FEROS
2458383.87194905 6111.3 17.9 39.0 14.0 FEROS
2458404.88308931 5742.8 21.1 45.0 16.0 FEROS
2458405.88147085 6123.2 41.5 -55.0 28.0 FEROS
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
TOI-163
2458378.85013241 21568.5 40.7 153.0 15.0 FEROS
2458380.89084693 21207.4 40.1 142.0 14.0 FEROS
2458382.87693218 21457.0 36.6 66.0 13.0 FEROS
2458404.85311362 21539.5 48.6 24.0 17.0 FEROS
2458406.82378293 21393.1 49.6 91.0 17.0 FEROS
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
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